Electrochemical experiments together with SEM and X-Ray techniques were carried out in order to evaluate the corrosion resistance, to analyze the surface condition and to characterize the nitride layer of the sintered and sintered/plasma-nitrided Fe-1.5% Mo alloy in Mg(NO 3 ) 2 0.5 mol.L -1 solution (pH 7.0). The sintered/plasma-nitrided samples presented a higher corrosion resistance, indicating that the surface treatment improved the electrochemical properties of the sintered material. In addition, the nitride layer formed at 500 °C showed better corrosion resistance that the layers formed at higher temperatures. This difference can be ascribed to the nitrogen content in the nitride layer, which at 500°C is higher due to the formation of a phase rich in nitrogen (ε phase) while at higher temperatures a phase poor in nitrogen (γ' phase) is formed.
Introduction
It is well known that the production costs of sintered steels are significantly lower than those of steels produced by the conventional methods involving foundry, shape and finish procedures, principally in serial production of pieces with narrow dimensional tolerances. However, materials obtained via powder metallurgy have low corrosion resistance due, fundamentally, to the presence of residual pores. To increase the corrosion resistance of sintered materials, simple methods as immersion in oil and painting or coating [1] [2] have been proposed. More elaborated protection methods as steam treatment [3] [4] and dacronizing 5 are also sometimes recommended. In addition, plasma-nitriding techniques [6] [7] [8] [9] [10] are being used with success for superficial treatment aiming to improve the mechanical properties [11] [12] [13] [14] [15] and the corrosion resistance of stainless steels [16] [17] [18] [19] [20] and low alloy steels [21] [22] [23] [24] [25] [26] [27] manufactured through powder metallurgy. In the plasma-nitriding process, factors such as cleaning of the sample, composition and flow rate of N 2 /H 2 mixture, treatment time and temperature determine the properties of the formed nitride layer [6] [7] [8] [9] [10] and, consequently, they have significant influence upon the corrosion resistance.
In this work was carried out the study of the corrosion resistance of sintered steel containing 1.5% Mo and nitrided at different temperatures. The Mo was chosen because it stabilizes the ferrite, responds very well to the thermo-chemical treatments involved in the formation of superficial layers and improves the corrosion resistance of ferrous materials [26] [27] .
Material and Methods

Sintering
The preparation of the samples was done according to the conventional powder metallurgy pathway, consisting of mixture, compacting and sintering steps under a protective atmosphere. The binary sintered Fe-1.5% Mo alloy was obtained using a mixture of 97.7% Fe, 1.5% Mo powders and 0.8% zinc stearate. The sintering conditions were as follows: compacting at 600 MPa; dewaxing for 30 minutes at 550 °C under H 2 flux; time: 120 minutes; temperature: 1250°C; atmosphere: ultra-pure H 2 . After sintering the samples were cleaned with petroleum ether to remove grease, oil and others residues. In critical cases, the samples were cleaned in an ultra-sonic bath for 10 minutes.
Nitriding
Before accomplishing the nitriding process the samples were cleaned in the reactor. The cleaning conditions were: H 2 flux: 2 cm ; pressure: 134 Pa; time: 15 minutes; voltage: 400 V. The nitriding process conditions were: gas mixture composition: 20% H 2 /80% N 2 ; total flux of gas: 2 cm ; pressure: 400 Pa; time of nitriding: 120 minutes (after attaining the suitable temperature); voltage: 380-500 V. The nitriding temperature was the only variable parameter in this treatment. The objective of varying the temperature was to obtain nitride layers with different compositions 11 . At 500°C the ε phase is preferentially formed and at 580°C the γ'phase is predominant. The investigated temperatures were 500, 540, 560 and 580°C. After nitriding process the samples were cooled down in H 2 flux to 30 °C.
Electrochemical measurements
The electrochemical measurements were performed with the EG&G-PARC model 263A system coupled to a personal computer. NaOH. The solutions were prepared with water obtained by treatment in a Millipore Mille-Q system and p.a. reagents. The electrochemical tests were performed in non-deaerated solutions at laboratory room temperature. A conventional three electrodes cell was employed to electrochemical tests. The working electrodes (sintered and sintered/plasma-nitrided Fe-1.5% Mo samples) were not submitted to any superficial treatment (electrochemical or mechanical polish) before each experiment. Two graphite rods were used as auxiliary electrodes and a saturated calomel electrode (SCE) was used as reference, but all potentials mentioned are referred to the standard hydrogen electrode (SHE) scale. The determination of corrosion potential (E corr ) x time curves and of potentiodynamic polarization curves was performed according to the ASTM G5 standard practice. The corrosion potential value was followed during 60 minutes. Soon after, it was applied to the working electrode, for 2 min, a cathodic potential (-400 mVxE corr ), in order to reduce the eventual oxides formed during the E corr measurements. The following step consisted in obtaining the potentiodynamic polarization curve, starting from the potential -250 mV vs. E corr up to 1.6 V/SHE. The scan rate was always of 0.8 mV.s -1 . The corrosion parameters E corr , R p , E(I=0), i corr and corrosion rate were obtained considering the geometrical area of the working electrode (0.28 cm 2 ). As for the sintered material the real area is much higher, the values of corrosion parameters should be seen as comparative and not absolute values. The experimental errors do not exceed 10%.
Samples characterization
In order to characterize the samples and the layers formed by nitriding surface treatment, the following methods were used together with the electrochemical measurements: surface analysis by scanning electronic microscopy-SEM (Philips XL 30) and structure analysis of the nitride layers by X-Ray diffraction (Philips X'PERT).
Results and Discussions
Sintered samples Characterization by SEM
The samples of sintered Fe-1.5% Mo presented on average a density of 7.0 g.cm -3 , a value lower than the theoretical value of 7.8 g.cm -3 . This difference indicates the presence of pores in the samples. These pores are inherent to the used manufacturing process: uniaxial matrix of double effect and sintering in a tubular oven. Figure 1A is the micrograph of the sintered sample cross section, showing the presence of pores. Two different types of pores are distinguishable: round pores, also know as secondary pores, which are formed during the sintering process; and irregular pores, which are formed during the compacting process. Fig. 1B is the micrograph of the sintered sample surface, which also shows the presence of pores. Fig. 1B can be used as reference to show the effect of the surface treatments and the surface condition of the samples before the corrosion tests. Figure 2 shows the X-ray diffraction spectra of the sintered samples nitrided at different temperatures. In Fig. 2A is observed that the main nitride layer formed at 500°C is the ε layer. As the temperature increases ( Figures  2B-2D ) the γ' layer becomes preponderant, indicating a decrease in the nitrogen layer concentration. These results are in agreement with the previous results published by Fontana 11 and confirm that the nitriding temperature has influence on the composition of the formed nitride layer.
Sintered/plasma-nitrided samples Characterization by X-Ray diffraction
Corrosion tests Reproducibility of the experiments
In corrosion studies, the reproducibility of experiments is very important to warrant the results credibility. The reproducibility of the corrosion experiments is still more difficult when sintered steels are studied, because it is practically impossible to prepare samples with identical surfaces. However, if the steps of sintering, nitriding and cleaning of the samples are carefully controlled, reproducible electrochemical results can be obtained, as show in the Fig. 3 . The Figs. 3A and 3B show the E corr x time curves for sintered and sintered/ plasma-nitrided samples, respectively. For each material three experiments were carried out with different samples. It can be observed the high reproducibility of the experiments. The Figs. 3C and 3D show the potentiodynamic polarization curves for the same samples used in the E corr x time experiments. In these cases also a very good reproducibility was obtained. The results shown in Figs. 3A-3D demonstrate that very reproducible data can be obtained from electrochemical experiments with sintered and sintered/plasma-nitrided samples if the steps of preparation and cleaning of the samples are cautiously controlled. Figure 4 shows the E corr x time curves for the sintered, sintered/plasma-nitrided at 500 °C (Fig. 4A ) and sintered/ plasma-nitrided at different temperatures (Fig. 4B ) Fe-1.5% Mo alloy. It can be observed that at the beginning of each experiment a high E corr is measured, which decays quickly. The initial high potential is probably due to the oxide film formed, since the samples were exposed to the atmosphere and they can be experienced a certain degree of oxidation. After immersion this films undergoes reductive dissolution and the corrosion potential decreases. It is also possible that adsorbed particles remainder of the samples elaboration cover the surface. In contact with the testing electrolyte these particles are desorbed leaving the surface exposed to the solution. Consequently an active dissolution process is initiated and the E corr decreases rapidly. After 10-20 minutes the E corr stabilizes for practically all samples. Comparing the sintered and the sintered/plasma-nitrided samples (Fig. 4A) it is observed that for the plasma nitrided sample the E corr is nobler, indicating that the nitriding process promoted a significant anodic reaction rate inhibition. For the sintered/plasma-nitrided at different temperature samples (Fig. 4B ) it is observed that as the nitriding temperature decreases the E corr stabilizes at less negative potentials. It is observed that the E corr of the sample nitrided at 500°C stabilizes at a less negative potential than the others, indicating that the nitriding process at this temperature renders a nobler character to the sintered Fe-1.5% Mo alloy. The differences observed in Fig. 4B can be related with the composition of the nitride layer, in agreement with the results obtained by X-Ray diffraction. In this sense, we can suppose that the nitride layer formed at 500 °C (ε phase) confers a higher corrosion resistance to the sintered sample that the nitride layer formed at higher temperatures (γ' phase). Figure 5 shows the potentiodynamic polarization curves for the sintered and sintered/plasma-nitrided at 500°C (Fig 5A) and sintered/plasma-nitrided at different temperatures (Fig. 5B ) Fe-1.5% Mo alloy. In the Figure 5A can be observed that for the sintered sample the anodic dissolution region is very large and passivation occurs only in potentials superior at above +100 mV/SHE. In addition, deposits of corrosion products were observed at the bottom of the electrochemical cell at the end of the experiments, due to the large dissolution process. For the sintered/plasmanitrided at 500 °C sample the current densities are lower, the anodic dissolution region is small and a passivation potential is observed at -80 mV/SHE. After the anodic peak the current density increases, reaching values similar to those of the sintered sample around 1000 mV/SHE. However, for the sintered/plasma-nitrided sample, no corrosion products were observed at the end of the experiments. The position of the anodic peak depends on the nitriding temperature (Fig. 5B) . For temperatures of 540 and 560°C the anodic peak is observed at around -250 mV/SHE. For 580°C the anodic peak is not clearly observed. By comparing the potentiodynamic polarization curves it is verified that the current density for the sintered/plasma-nitrided samples (for all temperatures) is lower than the current density for the sintered samples, at any potential. This feature suggests that the nitriding process confers a higher corrosion resistance to the sintered Fe-1.5% Mo alloy.
Ecorr x time curves
Potentiodynamic polarization curves
In the Table 1 are presented the corrosion parameters obtained from the potentiodynamic polarization curves.
Comparing the polarization resistance (R p ) values for the sintered and the sintered/plasma-nitrided at 500°C sam- ples a value 5 times greater is observed for the nitrided sample, indicating that the nitride layer increases its corrosion resistance. As expected, the corrosion current density (i corr ) is also lower for the sample submitted to the surface treatment. Moreover, the potential where the current is zero E(I=0) for the sintered sample is more negative than the E(I=0) for the sintered/plasma-nitrided at 500°C sample, indicating a nobler character of the alloy covered by nitride layer. The corrosion rates values also indicate a better performance of the sintered/plasma-nitrided sample in terms of corrosion resistance. The parameters above, in particular the corrosion rate values, were obtained considering the geometrical area of the working electrodes. They cannot be seen as absolute values, because the real area was not determined. They were calculated for to permit the comparison between samples submitted and not submitted to the surface treatment.
The R p values for the sintered/plasma-nitrided at different temperatures samples decrease as the nitriding temperature increases. It is observed, however, that the lowest value found for the sintered/plasma-nitrided samples is still larger than the value found for the sintered sample. Analyzing the values of the corrosion current density, an increase is verified as the nitriding temperature increases, in agreement with the R p values. For the E(I=0) values, a decrease is observed as the nitriding temperature increases, indicating a character less noble for the sample nitrided at 580°C and a character more noble for the sample nitrided at 500°C. Even if a small difference between the values is observed, the corrosion rate for the nitrided at 500°C sample is the smallest one. This result demonstrates that the sample nitrided at 500°C, in which there is a predominance of the ε phase in the nitrided layer (Fig. 1A) , is more corrosion resistant. The sample nitrided at 580°C, in which the γ' phase prevails in the nitrided layer (Fig. 1D) , is less corrosion resistant. The main difference between the ε and the γ' phases in the nitride layers is the nitrogen content. In the former the nitrogen content is higher. Therefore, we can conclude that the nitrogen concentration in the nitrided layer is a decisive factor for corrosion resistance.
Comparing the E corr values in the Fig. 1 and the E(I=0) values shows in Table 1 , a good concordance is observed. These corrosion parameters obtained from different techniques are coherent with the other corrosion parameters obtained for the samples submitted and not submitted to the surface treatment. Figure 6 shows the micrographs for the sintered and sintered/plasma-nitrided Fe-1.5% Mo samples after the corrosion tests. The micrograph of the sintered sample (Fig. 6A) shows that the corroded surface was practically destroyed. The white areas are due to the deposited Mg(NO 3 ) 2 , demonstrating the occurrence of an intense corrosion process. The micrograph of Fig. 6B shows the surface of a sintered/ plasma-nitrided at 500 °C sample after the corrosion tests. It can be observed that this surface remained practically intact, with the pores closed. Comparing the Figs. 6A and 6B, we can verify that the surface of sintered sample was more attacked than the surface of nitrided sample. Therefore, it is clear that the nitride layer increases the corrosion resistance of the sintered material.
Surface analysis by SEM technique after the corrosion tests
The micrographs of samples nitrided at other temperatures showed the same aspect of the sample nitrided at 500°C. In all cases the surfaces remained practically intact, what suggests that, independently of the nitriding temperature, the nitride layer increases the corrosion resistance.
The surface analysis confirmed the results obtained in corrosion tests. The nitride layer, in particular the one obtained at 500 °C, grants a nobler character to the samples, providing a better performance in terms of corrosion when compared with the sintered samples.
Conclusions
The plasma-nitriding process showed to be viable in the treatment of the porous surfaces, as is the case of the sintered Fe-1.5% Mo alloy. Without exception, all the sintered/ plasma-nitrided samples presented a higher corrosion resistance than the sintered samples. The influence of the nitrogen concentration in the nitrided layer was also evidenced by the corrosion experiments. In the nitride layers obtained at 500 °C prevails the ε phase rich in nitrogen which grants a better electrochemical stability to the sintered alloy than the γ' phase, which is formed at temperatures higher than 540 °C and is poor in nitrogen. The micrographs obtained by SEM technique for the samples after the corrosion experiments were in accord with the electrochemical results. The samples with higher corrosion rate showed the surface visibly more corroded. We can conclude that the nitride inorganic coating grants a better electrochemical stability to the sintered Fe-1.5% Mo binary alloy.
